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ABSTRACT: The oxygen evolution reaction (OER) is central to
several sustainable energy technologies. Catalyst development has
largely focused on lowering the overpotential and eliminating
reliance on precious metals, revealing stark diﬀerences in alkaline
and acidic OER. In alkaline electrolyte, precious metal-free
catalysts have approached the limiting overpotential from
established free energy scaling relationships, and our survey of
complex metal oxides shows that this limit can be approached with
a broad range of catalysts. In acidic electrolyte, electrochemical
instabilities create a dual challenge of a dearth of nonprecious
metal OER catalysts with overpotential below 0.5 V and a high
dissolved metals concentration for most precious metal-free
catalysts. On device-relevant time scales, the high dissolved metals
concentrations compromise device stability, for example, through a decrease of performance and due to metal exchange between
anode and cathode catalysts due to ﬁnite permeability of ion exchange membranes. These considerations motivate a substantial
increase in monitoring and reporting of dissolved metals concentrations in OER experiments. To facilitate durability-based screening
in continued catalyst discovery campaigns, we introduce a durability descriptor based on the d-electron count of each metal element
compared to that of its Pourbaix-stable oxidation state, which enables rapid down-selection of candidate metal oxide catalysts. We
discuss the importance of a codesign approach to catalyst development, where a device architecture can set speciﬁc requirements for
dissolved metals concentrations and/or cathode and anode catalysts can be designed to tolerate cross-contamination. This devicelevel guidance of basic science will facilitate deployment of new catalysts to meet the societal needs for accelerated sustainable
technology development.

■

INTRODUCTION
The oxygen evolution reaction (OER) is central to emerging and
future technologies1,2 such as electrolyzers for H2 production,3,4
photoelectrochemical generation of carbon- and nitrogencontaining fuels and chemicals,5−8 and air-breathing batteries.9,10 We outline the challenges for OER catalyst discovery
in acidic electrolytes,11 which stand in stark contrast to alkaline
electrolytes where there is little room to improve upon the stateof-the-art nonprecious metal catalysts with respect to isolated
OER catalyst metrics. These most commonly reported metrics
include OER activity and the stability thereof, although catalyst
performance must ultimately be considered in the context of a
speciﬁc target technology and device design, which inherently
impose additional considerations and constraints compared to
generic catalyst discovery. While traditional catalyst development strives to identify catalysts that improve upon the generic
metrics, overcoming technology deployment hurdles motivates
rethinking the catalyst design process in the context of codesign.
Codesign for catalysis research aims to generate scientiﬁc
opportunities from device-level considerations and to facilitate
translation of discovered catalysts into devices,12 thereby
amplifying the impact of catalyst discovery eﬀorts. Embodi© 2022 The Authors. Published by
American Chemical Society

ments of the codesign strategy vary with domain, with the
transcendent principle that end-user experiential knowledge
should be incorporated throughout the design process; the end
user of an electrocatalyst discovery eﬀort is an electrochemical
device incorporating the catalyst. Recent technologies developed via codesign include control systems13 and computing
architectures14 where feedback ab initio from the end user
disrupted the standard sequential design processes. For
electrocatalyst design, codesign motivates development of
catalyst discovery workﬂows based on input from prior data
from device operation, multiphysics device models, and new
device designs. While trade-oﬀs among multiple performance
objectivesactivity, stability, and selectivityare commonly
studied in catalysis research, catalyst development traditionally
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proceeds as a sequential process wherein the ﬁndings of the
multiobjective optimization are reported for a given catalyst,
with subsequent evaluation of the possible device implementations.
Catalyst codesign is not simply a reframing of traditional
multiobjective optimization but rather a change in how
multiobjective optimization is approached. Many catalyst
discovery eﬀorts fall under the umbrella of “use-inspired
research”, which is commensurate with the codesign philosophy,
but the latter is distinguished by the level of speciﬁcity in the
“inspiration”, the disruption of the sequential design of a catalyst
and its device implementation, and the development of methods
to directly incorporate prior knowledge of device operation in
catalyst design. In the present perspective article we do not
demonstrate codesign research but rather frame its opportunity
in the context of the state of the art for OER in alkaline and acidic
electrolytes.
To outline the challenges that may be addressed via codesign,
we commence with the high-level considerations of electrolyte
pH and catalyst scalability. Incorporation of bipolar membranes
in electrochemical systems has enable the anodic OER reaction
to occur in the desired alkaline electrolyte while the cathodic
reaction occurs in its most suitable electrolyte, which ranges
from near-neutral to acidic conditions for various technologies.8,15−17 The bipolar membrane introduces electrochemical
potential losses and durability challenges that diminish the
beneﬁts of operating OER in alkaline electrolytes,15,18
motivating continued eﬀorts to develop active, stable, and
scalable OER catalysts for lower-pH operation.
Regarding scalability, the viability of precious metal-based
OER catalysts for scalable technologies is debatable,19
motivating concepts such as atomically thin coatings and
single-atom sites to attempt to address the global scarcity of
precious metals. So far, such catalysts have not been suﬃcient for
commercialization, and their long-term durability is challenged
by the fact that no catalyst is stable in the absence of dissolved
metals species, which are necessary for establishing an
equilibrium.20,21 The quest for durability is thus not one of
eliminating all metal species from the electrolyte but rather
ﬁnding a catalyst and operating condition where the equilibrium
dissolved metals concentrations are not problematic for devicelevel durability. Fully evaluating these requirements must be
done in the context of a speciﬁc device model, which would
enable a more speciﬁc implementation of codesign; we present
some examples in the Discussion.
An open circuit electrochemical potential corresponds to the
thermodynamic condition at which the forward and reverse
reaction rates are equal. Analogously, catalyst stability at a given
pH and potential concerns the equilibrium metal concentrations
in electrolyte that yields equal rates of corrosion and
precipitation, where the corrosion kinetics determine the rate
as well as the time-scale of equilibration under a given operating
condition, which varies with electrolyte volume and mass
transport, e.g., static vs. recirculating electrolyte. The precipitated metals may experience diﬀerent solid-state binding and are
usually more stable and amorphous than their conﬁguration
prior to their corrosion. Catalysis research has historically underexplored the study of corrosion equilibration as a dynamic
phenomenon that determines the long-term catalyst activity.
Pourbaix energetics provide a bulk thermodynamic assessment
of the stability of a material at a given electrochemical condition
and dissolved metals concentrations, which is useful for
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comparison among diﬀerent materials and operating conditions
and establishing trends in operational stability.22−26
Here, we discuss the opportunities for transformative OER
catalyst discoveries based on a combination of recent reports of
nonprecious metal electrocatalysts as well as emerging computational and experimental tools that enable the community to
reimagine the process for discovering catalysts for OER and
other reactions. OER mechanisms, their pH dependence, and
tailoring of electronic structure for improved OER activity have
been recently reviewed,27−29 motivating our attention on
assessing the activity and durability limitations of the state-ofthe-art in precious metal-free electrocatalysts and how they may
be addressed with a codesign approach to catalyst discovery
guided by the development of new descriptors for Pourbaix
stability and OER activity. We highlight the opportunities to
consider mutual compatibility of anode and cathode catalysts
within a given device to focus discovery eﬀorts on catalyst
formulations with maximal downstream impact.

■

RESULTS
The state-of-the-art and importance of codesign in OER catalyst
discovery varies substantially with operation in alkaline, nearneutral, and acidic electrolytes. In near-neutral conditions, the
breadth of the reported catalyst activity and stability is
insuﬃcient to establish the trends that we outline below for
alkaline and acidic electrolytes. Brieﬂy, cobalt-based catalysts are
among the most active catalysts when electrodeposited from
electrolytes containing phosphate, methylphosphonate, or
borate, at pH from 7 to 9.2 to form the Co−Pi, Co−MePi,
and Co−Bi OER catalyst families.30,31 Detailed investigations
have shown that operational stability of these catalysts results
from a “self-healing” process in which dissolved Co species are
redeposited from the electrolyte.32 The resulting high dissolved
metals concentrations pose challenges for systems-level
design.33 Other catalysts based on ﬁrst-row transition metals
such as Ni and Mn have provided comparable OER activity,34
although high overpotentials in near-neutral conditions and
other systems-level considerations have driven the community’s
focus on either strong alkaline or strong acidic electrolytes,
which we compare and contrast herein.
Implications of OER Intermediate Free-Energy Scaling
Relationships. Before contrasting the state of the art in alkaline
and acidic OER, we commence with reviewing the present
understanding of reaction mechanisms, the associated adsorption energies of reaction intermediates, and the implications of
scaling relationships for limiting overpotential. The general fourproton coupled electron transfer OER mechanism under acidic
conditions is
* + H 2O → OH* + H+ + e−
OH* → O* + H+ + e−
O* + H 2O → OOH* + H+ + e−
OOH* → O2 + * + H+ + e−

(1)

and under alkaline conditions is
* + OH− → OH* + e−
OH− + OH* → O* + H 2O + e−
O* + OH− → OOH* + e−
OOH* + OH− → O2 + * + H 2O + e−
900

(2)
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corrected based on interactions with the solvent, either explicitly
or implicitly, and more recent methods allow for explicit
standard hydrogen electrode (SHE)-dependence of the ΔG
values,39,40 which are neglected for the purposes of this
overview.
The combination of eq 3 and the scaling relationship results in
an activity volcano in the binding energy descriptor space with a
minimum observable overpotential of 0.378 V vs RHE (see
Figure 1). We plot the calculated ΔGOH* and ΔGO* − ΔGOH* for
each material from the CatalysisHub (catalysis-hub.org) database41 with additional antimonates from Gunasooriya et al.,42
which are superimposed with the predicted overpotential to
show very few materials near the top of the volcano. There are
four distinct regions of the volcano corresponding to which of
the four elementary steps is rate limiting. Most materials having
either the oxidation of OH* to O* or the oxidation of O* to
OOH* as the rate limiting step and are not limited by the
adsorption of OH− or the desorption of OOH*. Deviations from
ideal scaling can give calculated overpotentials that approach 0.3
V vs RHE and are most relevant for materials on the left side of
the volcano. The explicit calculated value of ΔGOOH* is always
used for calculation of η in eq 3 when available in the database.
While the descriptors of ΔGOH* and ΔGO* − ΔGOH* give a
reasonable prediction of the observed overpotential, this is
entirely a surface property, and diﬀerent facets or sites (e.g.,
diﬀerent surface terminations, kinks, step/edge sites) can have a
large diﬀerence in the estimate of the activity. However, the most
active site with reasonable stability will disproportionately
contribute to the measured experimental activity, and relative
activity trends based on optimum sites have good agreement
with experiment.43 The most active compounds (η < 0.5 V)
among those analyzed are based on Cr (CrO2, CrOOH); Ir
(IrOx); Co (CoOH, Co(SbO3)2, CoSbO4, Co2LiO4); or Ni/Fe
(Ni/FeOOH, FeK4Ni11H16O32). These materials are consistent
with experimental observations of activity44 in both acidic and
alkaline electrolytes and are discussed in detail below.
Thermodynamic Stabiltiy Trends. Bulk Pourbaix thermodynamics22−26 provides a high-level assessment of electrochemical stability which we consider herein to study the
relationships between OER overpotential and stability in both
acidic and alkaline electrolytes. The Pourbaix energy above the
free energy hull45−48 (ΔGpbx) is the computed Gibbs free energy
diﬀerence between the bulk phase of interest and the most stable
thermodynamic species at a given electrochemical condition,
which is deﬁned by the pH, electrochemical potential, and
concentrations of dissolved metals species, which are also
referred to as “ionic concentrations”, although the charge of the
metal “ion” may be zero.
Any positive value of ΔGpbx indicates a thermodynamic
driving force toward corrosion, although the maximum tolerable
ΔGpbx for operational stability has not been well established due
to three limitations: (i) the bulk thermodynamics do not
consider surface energetics, including the speciﬁc corrosion
thermodynamics at catalytic surface sites;47 (ii) an incomplete
list of possible aqueous metal species and their uncertainty can
underestimate ΔGpbx; and (iii) operational stability can be
kinetically realized when the ΔGpbx is below the free energy
barrier for corrosion, which can vary with electrochemical
condition and the electrolyte formulation. The ΔGpbx is typically
lowered by 59 meV per decade of dissolved metals
concentration (at room temperature),45 and in this work, we
consider materials with ΔGpbx less than 1 eV atom−1 to be within
striking distance of operational stability, i.e., a necessary but

From a thermodynamic perspective, neglecting diﬀerences in
kinetics, the two mechanisms (eqs 1 and 2) are equivalent under
a substitution of H2O(l) ⇌ H+(aq) + OH−(aq). Therefore, the
binding energies of O*, OH*, and OOH* are, in principle,
suﬃcient to fully characterize a surface and predict the catalytic
activity at any pH, although a given catalyst electrode often
exhibits diﬀerent surfaces as a function of pH and potential. In
the simplest approach, the free-energy change, ΔG, for each of
the four reaction steps is calculated relative to URHE = 0 V at T =
298.15 K and 1 bar pressure, where the energy of the proton−
electron pair is in equilibrium with H2(g) as given by the
computational hydrogen electrode method,35 while −eURHE
accounts for an applied voltage. The theoretical overpotential
associated with OER, a key measure of anode activity, is simply
the energy needed to overcome the most unfavorable of the four
reaction steps in eqs 1 or 2 as
η (V vs RHE) = max[ΔGOH * , ΔGO * − ΔGOH * , ΔGOOH * − ΔGO * ,
4.92 eV − ΔGOOH *] /e − 1.23 V
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(3)

For most materials, ΔGOOH* has been shown to scale by the
universal relationship36,37 ΔGOOH* = ΔGOH* + 3.2 eV, so the
overall overpotential for a catalyst is a function of only two
descriptors: ΔGOH* and ΔGO*. Small deviations from this
scaling showing reduced slopes have been obtained more
recently.38 Catalyst activity is generally visualized using the
descriptors ΔGO* − ΔGOH* (for steps 2 and 3) and ΔGOH* (for
steps 1 and 4), which distinguish separate regions for each
potential-limiting step (Figure 1). With the computational
hydrogen electrode scheme, the overpotential is calculated on
the reversible hydrogen electrode (RHE) scale and does not
depend on pH. In cases where the overpotential does have an
experimental dependence on pH, the binding energies must be

Figure 1. Limiting OER overpotential from eq 1 upon application of the
scaling relationship ΔGOOH* = ΔGOH* + 3.2 eV is shown as a function of
the two primary OER activity descriptors, ΔGOH* and ΔGO* − ΔGOH*.
Four regions are shown corresponding to which of the four elementary
steps in the mechanism are rate limiting. The two-dimensional volcano
plot results in a minimum overpotential of approximately 0.4 eV,
although deviations from the scaling relationship, which are typically
±0.1 eV, can enable somewhat lower overpotentials for optimal
catalysts. Each point corresponds to an ab initio free energy calculation
on a catalyst surface, acquired from Catalysis-Hub.org, revealing a
handful of catalysts that are within 0.1 eV of the peak of the volcano
plot. Realization of a given predicted activity is contingent upon not
only the synthesis of the respective catalyst but also its stable operation
at the corresponding electrochemical potential in a given electrolyte.
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concentration of 10−6 M, and enthalpy of formations obtained
from the Materials Project.26,45,49 Data from Catalysis-Hub.org
typically include the atomic structures of the surfaces for which
adsorption energies were calculated. To identify the corresponding bulk crystal structure, required to calculate a given ΔGpbx, the
periodicity perpendicular to the surface plane was analyzed to
identify the primitive cell structure. Of the 822 surfaces, the bulk
structure could not be identiﬁed in 185 entries with active site
geometries that cannot be adequately associated with a simple
bulk periodic structure, e.g., single atom site substitutions,
nanoislands and overlayers, and/or 2D materials. Compositions
for an additional 127 bulk structures could not be matched with
Materials Project data. Of the remaining 510 surfaces analyzed,
301 (59%) were within either the acid or alkaline window of
ΔGpbx < 1 eV/atom.
Comparing the stabilities at pH = 1 and pH = 14, there is a
bias toward materials having a greater alkaline stability versus
under acidic conditions (below the parity line in Figure 2), with
82 observed materials of which SrIrO3, LiCo2O6, CoOOH,
LaNiO3, Co(HO)2, NiOOH, and CoSbO4 have η < 0.5 V.
Greater acid stability than in alkaline (i.e., above parity line) is
observed for 40 materials of which only IrOx and RuO have η <
0.5 V. Finally, 14 materials were equally acid and alkaline stable,
with TiO2 among the most stable materials in both acid and base
(ΔGpbx < 0.22 eV/atom). All of these are binary oxides, where
RhO2 is the only one with calculated OER overpotential below 1
V. This observation of stable binary oxides is discussed below in
the context of durability descriptors.
OER in Alkaline Electrolytes. The experimental literature
on OER catalysts in alkaline environments is massive, fueled by
the relative ease of developing a metal oxide catalyst with
substantial OER activity in alkaline electrolyte.50−56 Many of the
ﬁrst row transition metals form oxides and oxyhydroxides with
excellent Pourbaix stability under alkaline OER conditions and
are competent OER catalysts. We conducted high-throughput
synthesis and testing of 5198 unique compositions containing
diﬀerent combinations of Mn, Fe, Co, Ni, Cu, Sn, Ta, Ce, and La
with up to 4 of these elements in each as-synthesized
composition at 10 at. % intervals, as described previously.57
Comparing the activity among an equivalent broad range of

insuﬃcient criterion for surfaces associated with the materials to
be relevant to catalysis (Figure S1). A material with a ΔGpbx > 1
eV/atom that does not exhibit bulk corrosion corresponds to
kinetically limited corrosion, typically due to the formation of a
self-passivation layer, which would motivate studying the OER
overpotential of that passivation layer as opposed to the starting
material.
In Figure 2, we evaluate stability trends in both alkaline (pH =
14) and acidic (pH = 1) conditions through computational

Figure 2. Correlation between calculated alkaline (pH = 14) and acid
(pH = 1) stability at an applied potential of 1.5 V vs RHE. Only
materials with computed stability within a physical range of interest
(ΔGpbx < 1 eV/atom) are shown. Each point is colored by its computed
overpotential based on intermediate binding energies retrieved from
Catalysis-Hub.org. Materials with overpotentials less than 0.6 V are
labeled. The parity line, y = x, was added as a guide, with points below
the parity line indicating better alkaline stability than in acid (ΔGpbx,acid
> ΔGpbx,alkaline), and points above the parity line are more stable in acid
than in alkaline conditions (ΔGpbx,alkaline > ΔGpbx,acid).

evaluation of ΔGpbx using the free energies of aqueous metals
species assessed from experimental data, a ﬁxed dissolved metals

Figure 3. Summary of OER in alkaline electrolyte. (a) Survey of metal oxide catalysts containing Mn, Fe, Co, Ni, Cu, Sn, Ta, Ce, and/or La testing in
pH 13 electrolyte where the unique catalyst compositions are enumerated for six diﬀerent ranges of OER overpotential at 10 mA cm−2 measured after 2
h of operation in ﬂowing electrolyte at 1.7 V vs RHE. In each overpotential range the colored bars indicate the number of catalyst compositions with the
metals concentration being at least 50% Ni or Fe, with Ni but not Fe, with Fe but not Ni, and all other compositions. (b) The same data is visualized by
the unique combinations of metal elements where the lowest overpotential bin is primarily 3- or 4-cation catalysts containing Ni and Fe as well as Ce
and/or La.
902
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electrolyte is that catalyst optimization will show diminishing
returns due to the above scaling relationship. Given that stable
catalytic currents can be obtained with many precious-metal-free
OER catalysts, the primary opportunity for catalyst development
is via codesign where device-level considerations designate
target dissolved metals concentrations that guide development
of OER catalyst, as described further in the Discussion.
OER in Acidic Electrolytes. We now turn to OER in acid
where establishing activity distributions analogous to Figure 3 is
untenable due to the propensity for corrosion in strong acid at
OER potentials. Benchmarking of a variety of legacy electrocatalysts revealed that those free of precious metals degraded
within 2 h of operation on a rotating disc electrode in 1 M
H2SO4, with only Ru- and Ir-based catalysts exhibiting OER
activity on this time scale.46,55 We summarize the recent
literature of OER catalysts that have been operated in at least
either 0.05 M H2SO4 or 0.05 M HClO4 in Figure 4. Since

catalysts reported in the literature is complicated by the
heterogeneity in testing conditions, activity metrics, and
duration of catalyst operation, but these experimental
parameters are well controlled in our high throughput
experiments. For present purposes, we consider catalysts
operated at 1.7 V vs RHE for 2 h and then evaluated for the
overpotential required for 10 mA cm−2 geometric current
density.
The results are summarized in Figure 3a where the
distribution of overpotentials has a median of 0.487 V, mean
of 0.502 V, and standard deviation of 0.073 V. The variation in
activity over this huge catalyst composition space is remarkably
low. Catalysts with overpotentials above 0.6 V are mostly
compositions that do not contain transition metals. Compositions where Mn or Cu are the primary transition metals can also
exhibit such low activity, suggesting that any catalyst containing
appreciable concentrations of Ni, Fe, or Co will exhibit only
minor overpotential variation, at least at the moderate current
density of 10 mA cm−2. This ﬁnding is further emphasized in
Figure 3b that summarizes how many combinations of elements
out of the 123 unique combinations in the study can lead to a
given activity.
The lowest overpotential bin in Figure 3a,b is occupied by
catalyst compositions containing both Ni and Fe, which is
commensurate with the known excellent activity of (Ni,Fe)OOH catalysts.54,58−60 Catalysts having either Ni or Fe but not
both have slightly higher overpotential, although various
compositions with other transition metals, especially Co, exhibit
a similar activity. The best activity in the Ni−Fe system is
Ni0.6Fe0.4 with an overpotential of 0.396 V, and 84 compositions
containing additional elements exhibit even higher activity. The
top 59 compositions with overpotentials ranging from 0.368 to
0.390 V all contain Ce and/or La, which contributes to the
several 3- and 4-cation systems comprising the lowest
overpotential bin in Figure 3b and is in agreement with our
previous ﬁndings that these elements promote OER in alkaline
electrolyte.61,62 Figure 3 also indicates a limiting overpotential of
approximately 0.36 V in pH 13 electrolyte, and we note that, due
to higher reaction kinetics in pH 14 electrolyte, the limiting
overpotential for similar catalysts is approximately 0.3 V.61,62
The observation of many diﬀerent element combinations
providing comparable activity is a statistical demonstration of
the existence of the “overpotential wall” established by OER
scaling relationships, as summarized in Figure 1.
Slightly lower operational overpotentials may be realized
through engineering the active site density, as was recently
demonstrated for Ni−Fe−Co catalysts that achieved 10 mA
cm−2 at 0.243 V, or by utilizing highly oxidized Ir-single-atom
sites within the Ni−Fe catalyst63 reaching 0.183 V at 10 mA
cm−2. A more dramatic increase in the intrinsic activity near the
top of the electrochemical volcano requires a diﬀerent type of
reaction mechanism for which the primary opportunities are (i)
the development of catalyst wherein multiple sites participate in
the pure chemical-step-like reaction to circumvent the scaling
relationship of Figure 1 akin to Photosystem II64 and/or (ii) a
mechanism in which lattice oxygen is a source of one or both
oxygen atoms in the evolved O2, which is a suﬃciently diﬀerent
mechanism involving a chemical step referred to as lattice OER
(LOER) wherein replenishment of the lattice oxygen is required
to complete the catalytic cycle.65,66 Note that the LOER-type
mechanism is an inherently unstable OER mechanism as
discussed previously.67 While these lines of inquiry may provide
a breakthrough at some point, the outlook for OER in alkaline

Figure 4. Summary of OER in acid for catalysts with reported
overpotential, dissolved metals concentration, and current density after
at least 2 h of operation in aqueous electrolyte with at least 0.05 M of
HClO4 or H2SO4. Co-optimization of activity and stability corresponds
to minimizing the overpotential and dissolved metals concentrations,
where the desirable, red-shaded region includes only precious metalbased catalysts. The time scale for catalyst equilibration with electrolyte
varies not only with the catalyst but also the electrolyte formulation and
details of the electrochemical setup, especially anolyte volume and
presence/type of membrane. Experiments lasting less than 10 h are
shown with hollow symbols as these are particularly susceptible to not
representing steady-state conditions. The circle markers indicate the
presence of the precious metals Ir or Ru in the catalyst, whereas the
square markers are catalysts reported to be free of precious metals.

stability is the primary concern with operation in acid, we
investigate the overpotential at which catalysts operate and the
corresponding concentration of dissolved metals species that
enables quasi-steady state operation as an OER catalyst. As
noted for OER in alkaline conditions, extrinsic catalyst
development via engineering of active site density is an eﬀective
strategy for scaling the geometric current density, while the
primary intrinsic catalyst development challenge is attaining
stable operation at any moderate overpotential with low
dissolved metals concentration.
903
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Trends in Figure 4 largely agree with the aforementioned
benchmarking study where operation below a 0.5 V overpotential typically requires Ru- and Ir-based catalysts. While
some of these precious metal catalyst formulations and testing
procedures have shown considerable dissolved metals concentrations,68−70 operation with concentrations below 10−5 M has
been demonstrated with Ru-based catalysts,46,71,72 and sub-10−7
M values have been observed with CaCu3Ru4O1273 and
Mn0.8Ir0.2O2 doped with F.74 Comparing the experimental
data of Figure 4 to the calculations of Figure 2, consider MnO2
and Mn−Sb oxides that have been shown to operate with
approximately 10−7 M dissolved metals concentration, which is
also reﬂected in the calculated thermodynamic stability where
ΔGpbx,acid is 0.2 and 0.6 eV/atom, respectively.74 Precious metalfree electrocatalysts have generally resulted in high dissolved
metals concentrations, as demonstrated by the concentrations in
excess of 10−4 M for NiFe-based,75,76 Co−steel,77 Ni,78 and
Fe5Si379 catalysts. Operation at lower dissolved metals
concentrations has recently been demonstrated. The catalyst
with the best reported combination of overpotential and metals
concentration is a ball-milled, bulk Cu1.5Mn1.5O4 catalyst
annealed at 800 °C with a dissolved metals concentration of
ca. 2 × 10−5 M after 20 h of operation.80 Annealing the same ballmilled material at 200 °C results in initially higher activity that
degrades faster and results in ca. 200-fold higher dissolved
metals concentration. This catalyst warrants further investigation to determine the equilibrium concentration of dissolved
metals species and whether the high catalyst loading enables
continued corrosion that goes unnoticed on relatively short time
scales.
Alternative approaches to increasing catalyst stability include
stabilizing transition metals in ternary or quaternary metal
oxides, commencing with complementary reports in 2015 of Ti
alloying into rutile MnO2 by Frydendal et al.81 and Sb-based
alloys82,83 developed from initial hits in a high throughput
discovery campaign wherein active Co and Mn oxides were
combined with the acid-stable oxides of Sb and Ta.84 The Sbbased rutile alloys with the best performance reported to-date
are Ni0.2Mn0.8Sb1.7Oz82 and Mn0.67Sb0.33Oz.83 The Ti−Mn and
Sb−Mn systems are particularly promising with dissolved metals
species near or below 10−7 M, although the overpotential
remains high and current densities low compared to the precious
metal-based electrocatalysts. Expanding upon these successes, a
computational screening of Pourbaix stability found that the
highly negative formation energy of oxides containing Sb and
transition metals provides improved Pourbaix stability for OER
conditions, especially in acidic conditions.42,48 For example, a
stoichiometric, phase-pure Co(SbO3)2 (a.k.a. CoSb2O6) was
reported to exhibit a reasonable OER activity under acidic
conditions as well as a high corrosion resistance compared to a
stoichiometric Mn(SbO3)2 (a.k.a. MnSb2O6).85
We perform a similar co-optimization comparison between
computed activity and stability for the Catalysis-Hub.org
materials. While most materials are either inactive (>0.5 V) or
unstable ΔGpbx > 1 eV/atom, Figure 5 summarizes 34 catalysts
(∼10% of those considered) that are moderately active and
stable. For each bulk structure, several considered facets and
active sites with diﬀerent calculated overpotentials result in a
vertical spread of a given composition within Figure 5. The
catalysts that meet the strict constraints of η < 0.4 V and
ΔGpbx,acid < 0.4 eV /atom include CoOOH, NiOOH, and IrO3.
While this observation is consistent with experiments on Irbased catalysts (Figure 4), the apparently poor stability of IrO2
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Figure 5. Co-optimization of calculated theoretical overpotential
(activity) and calculated thermodynamic stability at pH = 1 and 1.5 V vs
RHE for materials in the CatalysisHub database with OER overpotential less than 1 V and within the experimentally relevant stability
range of ΔGpbx,acid < 1 eV/atom. The desired co-optimized region is
shaded in red similar to Figure 4, and it contains mostly Ir-based catalyst
but also includes CoOOH, CrO2, and NiOOH.

can be attributed to the use of the end member IrO4−(aq) in the
Pourbaix calculation, which provides a signiﬁcant driving force
for corrosion. Ir Pourbaix diagrams calculated with energies
from diﬀerent computational parameters have shown IrOx to be
stable (ΔGpbx = 0) at pH = 1 and 1.5 V vs RHE.86 While the
computational settings for Figure 5 may underestimate stability
for IrO2, we suspect that for NiOOH, CrO2, and CoOOH,
ΔGpbx,acid systematically overestimates their operational stability
because the stable end member in experimental Pourbaix
diagrams (Ni2+(aq), CrO4−2(aq), and Co2+(aq)) may have a
small kinetic barrier for dissolution. Indeed in Figure 4, Ni and
Co steel catalysts both have signiﬁcant observed dissolved
metals concentrations. These apparent theory−experiment
discrepancies motivate future eﬀorts to reﬁne computational
settings to better align with experiments and guide catalyst
discovery eﬀorts. Overall, Figure 5 does not exhibit a clear
relationship between activity and stability, motivating exploration of additional descriptors to understand and guide the
opportunities for the continued development of precious metalfree acidic OER catalysts.
The prevalence of Ir, Ru, and precious metal-based catalysts
and lack of suitable alternatives presented in Figure 5 are largely
a reﬂection on the bias of current data toward studying these
high performing systems. This bias is also perpetuated by the
exclusion of alternatives to bulk crystal structures including
complex binaries, nanoislands,87 single atom catalysts,88 and 2D
materials,89 as mentioned above. Additionally, there are M−Sb−
Ox materials in Figure 5 that are stable with reasonable activity.
Co(SbO3)2 is a promising candidate85 on the acidic Pourbaix
hull (ΔGpbx = 0) with modest calculated overpotential of 0.41 V
for the (101) surface. Similarly, Ni(SbO3)2 also has ΔGpbx = 0
904
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Figure 6. (a) Acid (pH = 1) stability for all computational materials considered in this study, where the quantity Δd is identiﬁed as a durability
descriptor for the minimum attainable ΔGpbx. (b) The same plot is shown for the more desirable region of ΔGpbx < 1 eV/atom. Colors represent the
calculated overpotential, and materials with η < 0.6 V are labeled. The durability descriptor guides future discovery campaigns to focus on materials
with −4 ≤ Δd ≤ 2.

and an overpotential of 0.66 V for the (100) surface.42 The initial
evidence from the experiments in Figure 4 is that compositional
modiﬁcation of stable compounds, such as Mn(SbO3)2, can
drastically improve the OER overpotential,82,83 creating an
additional future opportunity for catalyst development via
exploration of oﬀ-stoichiometric and alloyed variants of the low
ΔGpbx points in Figure 5. Further research into these categories
of materials may address trade-oﬀs between activity and stability.
Durability Descriptors for Acidic OER. The thermodynamic end member for each transition metal element, m, of the
electrode in the multielement Pourbaix diagram is generally
identical to the phase identiﬁed in the single-element Pourbaix
diagram. For example, in all iridium catalysts under acidic
conditions, the iridium atoms are most stable in IrO4−(aq), or
for nickel, the stable end member is Ni2+(aq). The oxidation
state and associated number of d-electrons in this end member,
deﬁned as d0, is an eﬀective reference value correlated to both
activity and stability and is tabulated for each transition metal
(Table S1). For new multielement phases, the free energy gains
are typically small compared to ΔGpbx, while the introduction of
a new element expands the set of aqueous species that may
establish the Pourbaix hull, which for nontransition metals such
as alkali or alkaline earth metals can dramatically increase ΔGpbx
of the solid state material. The combined eﬀect is that the stable
Pourbaix domain for a material generally decreases with
increasing number of constituent elements. In acid OER
conditions, the only multielement stable end domain of a
transition metal element is Bi3Pt3O11, whereas under alkaline
conditions, Co, Ni, Cu, Zn, Ta, Pt, and Au all form multielement
stable end domains (Table S1). For some of the transition
elements (Fe, Cu, Y, Zr, Ag, Cd, Hf, Ta), the stable Pourbaix
domain in alkaline conditions is an oxide, while the domain in
acidic conditions is an aqueous ion, which underscores the
observation of a larger range of materials exhibiting operational
stability in alkaline electrolytes. In contrast, Mn and Tc are the
only elements to form solid oxides in acidic conditions but
aqueous species in alkaline conditions, which highlights the

importance of Mn in the precious metal-free electrocatalysts
identiﬁed in Figure 4.
Here, we deﬁne a descriptor based on the number of delectrons of the cations in the catalyst relative to that in the stable
Pourbaix domain. The descriptor is calculated as the sum of the
diﬀerence in number of d-electrons in the catalyst bulk and d0 of
the end member over all transition metal elements in the bulk
catalyst as
M

Δd =

∑
m=1

1 0
(d m − dm)
Nm

(4)

where the index, m, counts over each element, d0m is the
reference number of electrons, and Nm is stoichiometric
coeﬃcient of the speciﬁc element. While M could, in principle,
include all elements, oxygen and hydrogen are assumed to
always have oxidation states of −2 and +1, respectively.
Furthermore, this metric does not include contributions from
non-d block elements, which typically exist in a single oxidation
state, have Δd = 0 by deﬁnition, and do not typically exhibit
electrochemical activity. The choice of our descriptor to only
capture the stability of d-electron containing cations was also
motivated by its simultaneous use as a descriptor of OER activity
(see Discussion below). The Δd descriptor is equivalent to
adding the change in the oxidation states of each transition metal
from that in the material to that in the reference end member. It
is implemented by assigning formal oxidation states to each
element in a probabilistic manner based on the ICSD as deﬁned
in Pymatgen90 and does not require an ab initio calculation. For
example, considering the La4Ni4O12 catalyst (M = 2, NLa = 4, NNi
= 4), the formal oxidation states for La and Ni are both +3 (dLa =
0, dNi = 7) with reference values of d0La = 0 and d0Ni = 8 to give
total value of Δd = 1. A positive (negative) value of Δd signiﬁes
that the cations are more oxidized (reduced) than the most
stable end member.
We observe a strong correlation between our Δd descriptor
for both the stability and the activity (Figure 6a). As the material
is more reduced compared to the end member (negative Δd),
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ΔGpbx increases and the material becomes less stable. Similarly,
materials more oxidized than the end member also decrease the
stability compared to the Pourbaix end members. The systems
on the oxidized half of the plot tend to contain Co (CoSbO4,
Li(CoO2)2, CoO2, LiCoO2) since the extracted stable end
member in acid at 1.5 V is Co2+(aq), in agreement with updated
experimental Pourbaix data.91 Other more oxidized transition
metal species with some OER activity (FeOOH, LaNiO3,
NiOOH) are also present with the corresponding end members
in acid as Fe2+(aq) and Ni2+(aq), respectively.
The most stable materials (rhodium and ruthenium catalysts)
are observed at Δd = 0, which means the active cations are in the
same oxidation state as the stable end members. In the restricted
region of ΔGpbx < 1, the maximum observed Δd was −4, and all
materials with ΔGpbx < 0.05 eV/atom have Δd = 0. The acid
stability (ΔGpbx) vs Δd forms a type of convex hull with respect
to our descriptor with minimum at Δd = 0, which provides a
lower possible bound on materials stability. This relationship
indicates that having the same oxidation state as the end member
is a necessary, but not suﬃcient, criterion for overall stability.
As previously shown in Figure 4, the most active materials
(IrO3, CrO2, NiOOH, CoOOH) are not considered the most
stable, each with ΔGpbx,acid > 0. When considering activity as a
function of our descriptor, the most active materials shown in
Figure 6b have Δd values of −1, −2, and −3. These negative
values show that the active cations are more reduced than in
their Pourbaix domains, which, while contributing to instability,
provide electrons that can participate in eﬀective binding of the
OER intermediates. Alternative durability descriptors include
the minimum value of d − d0 among the M elements (see Figure
S2), which alludes to the observation that the prominent
contribution to ΔGpbx is from only the most reduced species.
The average d − d0 were also considered but did not change the
descriptor value for materials with a single cation of those in the
range −4 < Δd < 2 and are less correlated with ΔGpbx below this
range. The nonzero values of Δd describe OER active catalysts
and are directly linked to the nonzero outer d-electron rule
developed previously.92
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work on pristine stoichiometric surfaces. At the same time, the
undercoordinated sites resulting from corrosion may be more
active and only synthesizable through this corrosion pathway,
making diﬀerential corrosion an avenue for catalyst synthesis, as
has been demonstrated in dealloying to form metal nanostructures and in pyrochlore systems.46,93
Elevating the reporting standards for catalyst activity to
include dissolved metals concentrations would help advance the
ﬁeld. In addition, new types of experiments are needed,
including characterization of diﬀerential corrosion that alters
the surface composition from that of the precatalyst and whether
the diﬀerential corrosion can be mitigated with tailored
dissolved metals concentrations in the electrolyte. Given that
techniques such as ICP-MS and ICP-OES are well established
for measuring dissolved metals concentrations, the need for
technique development lies in the design of electrochemical cells
and experiments that enable equilibration of the dissolved
metals species with the catalyst electrode. In traditional bulk
electrochemical cells, periodic sampling of the electrolyte, which
is the source of much of the data in Figure 4, may be suﬃcient,
although electrochemical cells, especially those lacking an ion
exchange membrane, may enable metals dissolved from the
working electrode to deposit onto the counter electrode. A
quasi-steady-state condition of corrosion and deposition on
diﬀerent electrodes via metals transport through the electrolyte
may give the appearance of stabilized metals concentrations,
which could go unnoticed until the entire working electrode
corrodes away. Consequently, the metals concentrations in
Figure 4 may be considered as lower limits for the true
equilibrated values.
The use of membranes can mitigate the metals transport
between electrodes, although ultimately postelectrochemistry
characterization of the amount of deposited material on the
counter electrode would be a prudent complement to the
dissolved metals measurements. The use of ﬂow cells oﬀers two
distinct advantages: that the rapid removal of dissolved metals
from the electrochemical environment before any such crossover to the counter electrode can occur and that time-resolved
measurements can be facilitated. The state of the art is well
represented by recent reports from Geiger et al.,94 Klemm et
al.,95 and Shkirskiy et al.,96 where dissolved metals concentration
measurements at approximately two second intervals provide
accelerated screening of corrosion rates. The primary concession of this electrochemical conﬁguration is that the constant
replenishment of fresh electrolyte circumvents the equilibration
of the metals concentrations in electrolyte.
Codesign of Next-Generation OER Catalysts. While
most literature reports of operationally stable electrocatalysts
consider durations on the order of 1 to 100 h, when considering
device-level stability over a decade, the operational requirements
with respect to equilibrium dissolved metals concentrations
must be understood and employed in catalyst discovery eﬀorts.
Durability descriptors, such as that illustrated in Figure 6, can be
used for primary screening in computational catalyst discovery
workﬂows to focus eﬀorts on catalysts most likely to engender
long-term operation at low dissolved metals concentrations.
Catalyst codesign arises when considering the implications of
the durability, for example, the equilibrium dissolved metals
concentration, in a particular device setting. Whereas the
corrosion, crossover, and precipitation of metals may go
unnoticed in a 3-electrode cell where the inﬂuence of the
precipitated metals on the counter electrode is typically not
measured, the impacts of this corrosion process will be more

■

DISCUSSION
Durability-Based Design of OER Experiments. The
synthesis of a precatalyst to generate an active catalyst under
operating conditions is a catalyst development strategy that can
be intentionally employed but is more often exercised
unintentionally. As surface Pourbaix diagrams and surface
science experiments continue to elucidate the operational
surfaces of catalysts, it appears that practically all synthesized
catalysts may be precatalysts. Whether the transformation of
precatalysts into its operational form is intentional or unintentional, the dynamic nature of operando heterogeneous electrocatalysts oﬀers several theoretical and experimental challenges
and opportunities for catalyst discovery and understanding.
While the computational evaluation of binding energies of
faceted crystals has been incredibly valuable for catalyst
discovery and understanding (illustrated by Figure 1), most
such catalysts cannot be experimentally realized, especially for
multimetal catalysts where the equilibrium ratio of diﬀerent
dissolved metals concentrations at a given operating pH and
potential is diﬀerent than the modeled stoichiometric ratio.
Consequently, unless the electrolyte is prepared to contain the
appropriate dissolved metals concentrations prior to contact
with the catalyst, diﬀerential corrosion will occur and change the
surface composition, causing a disconnect with the theoretical
906
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dramatically realized in a 2-electrode conﬁguration.97 The use of
polymer electrolytes introduces additional stability considerations, which has been most extensively demonstrated in
polymer exchange membrane fuel cells wherein degradation
occurs via precipitation of dissolved catalysts within the
membrane.98 Recognizing the interplay of anode, membrane,
and cathode stability in an electrochemical device motivates
some new approaches to catalyst design. The high-level strategy
is to develop anode and cathode catalysts whose dissolved
species do not precipitate within the electrolyte and then
codevelop anode and cathode catalysts so that their respective
long-time-scale corrosion and crossover does not deactivate the
opposing catalyst.
One approach for the latter part of this strategy is to use the
same metal elements in each catalyst,56 although that strategy
poses substantial limitations on catalyst chemistry, especially
when considering only nonprecious metals. A more general
approach is to consider whether the solution species resulting
from the corrosion of one catalyst will poison the surface of the
opposing catalyst. For example, the anode catalysts could be
designed to have a much lower equilibrium dissolved metals
concentration under the anode operating condition than under
the cathode operating condition, which would mitigate cathode
catalyst poisoning. The softer version of this constraint is to
consider elements that can be easily stripped from the opposing
catalyst, facilitating the design of in situ catalyst regeneration
protocols. These codesign-based constraints on the elemental
design space for catalyst discovery challenge the status quo of
catalyst discovery science while facilitating translation and
impact of the discovered catalysts.
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CONCLUSIONS
Codesign of new catalysts for OER inspire our metrics and
methods for evaluating OER catalysts under both acid and
alkaline conditions. Under alkaline conditions, improvements in
precious metal-free catalyst activity and durability are
approaching fundamental limits imposed by scaling relationships. Under acidic conditions, device level constraints require
limiting the total dissolved metals concentration under
operation and highlight the importance of reporting total
dissolved metals concentrations in future OER experiments. By
summarizing recent materials from literature, coupled with an
extensive review of materials reported in large online databases,
we identify promising directions to discover new materials that
co-optimize activity and durability. We show a simple descriptor
based on the number of d-electrons in a catalyst can aid in this
process to eﬃciently screen materials in future studies. Devicelevel guidance of catalyst discovery and development will
facilitate deployment of new catalysts to meet the societal needs
for accelerated sustainable technology development.
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